Three major source sediments were characterized and classified in terms of mineralogical and chemical composition in the west coastal area of the Keweenaw Peninsula. Bulk chemical analysis reveals that concentrations of Cu, Ag, Co, and As were enriched in metal rich mine tailings. SEM-EDS analysis indicates that the Ontonagon River sediments have high P and S concentrations. X-ray diffraction analysis of clay fraction shows that the mine tailings (chlorite rich) could be distinguished from the other two sources, Ontonagon River sediments (low chlorite and high illite) and Wisconsin red clay (low illite and high expandable phase). Local environmental conditions, i ncluding currents, bathymetry, weather conditions, and sediments texture, are important factors for cross-margin and longshore transport of contaminated sediments. The Keweenaw Current is responsible for the longshore transport of fine fraction of tailings, whereas wave action causes the lateral transport of the coarse deposits along the shore.
Introduction
Particulate matter is well known to be a source, sink, and a transport vehicle of nutrients and contaminants in lake systems (Bahnick et al., 1978; Stumm and Morgan, 1996) . Consequently particulate matter plays an important role in controlling the chemical composition of surface waters and sediments via a complex combination of biological, chemical and physical processes (Honeyman and Santsch, 1989; Lion et al., 1982; Martin et al., 1995; Morel and Hudson, 1985; Ribolzi et al., 2002; Sigg, 1985; Sunda and Huntsman, 1995; Whitfield and Turner, 1987) . Different types of particulate matter originating from different areas and processes are helpful in assessing the sediment budgets of lake systems (Colman and Foster, 1994; Klump et al., 1989) . Therefore, study of the origin and movement of particles is useful to assessing sediment loads and provenance in depositional zones, and understanding issues such as nutrient levels, primary productivity, contaminant movement, and allowable discharge limits in lake systems.
A previous study of sedimentation in Lake Superior found that the major sources of sediments in depositional zones are coastal erosion and tributary inputs (Kemp et al., 1978a) . However, this study found a discrepancy in the sediment budget for the lake; the sparse measurements of recent sedimentation rates were much lower than the estimates of sediment inputs. The study also was unable to link specific sediment sources with the sediments deposited in each depositional basin. An understanding of the transport behavior of the source materials within the lake could explain the discrepancy in the sediment budget for the lake. Sedimentation in each depositional basin is strongly related to the combined effects of localized inputs and physical processes (e.g., currents, wave action). The eastern basin sediments containing a relatively high content of SiO 2 are derived from Ontario soils containing more illite, whereas the extreme western sediments derived from Manitoba, Canada contain more expandable clays (Dell, 1973; Forman and Brydon, 1961; Nussmann, 1965; Thomas and Dell, 1978) . In the Keweenaw Peninsula region of Lake Superior, Wisconsin red clays from shoreline erosion (Kemp et al., 1978a) , sediment loads from the Ontonagon and Bad Rivers (Auer and Gatzke, 2002; Kemp et al., 1978a; Robertson, 1997) , and copper mine tailings (Babcock and Spiroff, 1970) are the major sources of sediments. Although these sources have been identified and quantified, the transport behavior and the fate of these materials in the lake are still unknown (Churchill et al., 2002) .
Several different techniques have been applied for particle tracking to understand the biogeochemical cycling of nutrients, the fate of pollutants associated with particles, and sedimentation budgets in limnetic systems. In Lake Superior, hydrophobic organic contaminants such as PCBs and PAHs have been used as tracers of the dynamics and transport of organic particles in large lakes (Baker and Eisenreich, 1989) . The elemental and isotopic compositions of suspended particles and sedimentary organic matter also have been used to study the origin and cycling of these materials (Ostrom et al., 1998) . Even rare earth elements were applied as tracers to study sediment reworking and transport in the depositional basin (Krezoski, 1989) . In addition, mineralogical and chemical compositions of particles and sediments have been used to identify sediment sources and to understand the impact of human activities on local environments. X -ray diffraction and Transmission Electron Microscopic studies of suspended particles and lake sediments identified mineralogical composition and particular minerals (asbestiform amphibole fibers) that could be used as fingerprints to classify sediment sources and track taconite tailings (Cook, 1975; Cook and Rubin, 1976; Dell, 1973) . In the Keweenaw Peninsula region of Lake Superior, elevated concentrations of trace elements and high Cu/Zn ratios in sediments have been used as tools to determine the perturbation of local ecosystems by the tailings discharged from copper mining activities (Kemp et al., 1978b; Kerfoot et al., 1994; Kolak et al., 1998) .
The objectives of this study were to examine transport and redistribution of coastal sediments in the Keweenaw Peninsula. Specifically, "fingerprints" of the different sediment source materials were developed using mineralogical and chemical compositions (major element and trace metal contents) in order to distinguish the sources from one another. Longshore and cross-margin transports of particles and redistribution of sediments were then investigated to understand the fate of coastal and riverine inputs in the study area. Finally, factors controlling longshore and cross-margin transport of particles and redistribution of sediments were identified with respect to local factors such as wind-driven coastal currents, waves, and bathymetry.
Methodology

Site description
The study site is located along the west coast of the Keweenaw Peninsula in the southern central basin of Lake Superior. Bathymetry in the area varies from a shallower western shoreline to a deeper northern shoreline, which has the effect of intensifying the water circulation pattern (Van Luven et al., 1999) . The major source of fine-grained particles in the study area is the red clay from the Wisconsin shoreline (Figure 1 ). The second largest source is riverine inputs (Kemp et al., 1978a; Robertson, 1997) . In addition to shoreline erosion and river loads, copper mine tailings from Freda, MI are also one of the major sources of sediments in the study area due to the discharge of over 45 million metric tons of crushed rocks directly into the lake (Babcock and Spiroff, 1970) . The study area extends from the Ontonagon River to Copper Harbor, Michigan, the Keweenaw Peninsula region of Lake Superior. Five sampling transects were located at Ontonagon (ON Transect), near Freda and Redridge (FR), at the north entry of the Portage waterway (HN), at Eagle Harbor (EH), and at Copper Harbor (CH) ( Figure 1 ). Transects run perpendicular to shore in a northward direction (305 o ~ 350 o ), and each has several sampling stations.
Sample collection and preparation
Samples of three source materials, forty-two lake sediment, one sediment core, and four suspended sediment traps were taken over a three-year period from 1998 to 2000. The three source sediments are (1) Wisconsin red clays from the shoreline bluffs at the mouth of the Poplar River in northern Wisconsin, (2) Ontonagon River sediments from the mouth of Ontonagon River in Michigan, and (3) stamp sands from Freda-Redridge in Michigan. Forty-two lake sediment samples were taken along the study transects at distance intervals of 0.5 to 5 km. One sediment core was taken near Copper Harbor (MCA2) using a Multicorer. The first 10 cm of the core were sliced at 0.5-cm increments and the second 20 cm were sliced at 1-cm increments on the boat. Three samples were prepared for analysis: surface sediment (0.5-1 cm), sediment (2.5-3 cm) from maximum Cu concentration, and background sediment (9-9.5 cm). For collection of settling particles, four trap moorings were deployed at water depths of 50 and 120 m on the HN transect. Samples were stored in polyethylene bags at 4 o C until analyzed. Figure 1 Wet sediment samples were divided into three portions that required different preparatory treatments. The first fraction was dried and used for mineralogical analysis using a Siemens D500 X -ray diffractometer (XRD). For major mineral identification, approximately five grams of each sample were pulverized using an industrial-grade blender with iron beads. For clay mineral analysis (<2 µm), the clay fraction was separated by gravity sedimentation, concentrated with a centrifuge, and evenly coated on the surface of a glass microscope slide. Slide samples were dried under a clean air environment for 24 hours, x-rayed, and exposed to ethylene glycol vapor in a closed ethylene glycol desiccator and re x-rayed. The second fraction was completely dried at 105 o C and was used for individual particle analysis using a Scanning Electron Microscope (SEM, JSM-35C, JEOL) and an Electron Microprobe Analyzer (EMPA, JXA-8600, JEOL). For bulk chemical analysis, the third fraction was dried at 105 o C, whereas sediment trap samples were dried in a benchtop freeze dry system (FreeZone ® 6 Liter Benchtop, Model 77520, Labconco). The sediment core sample was processed at the Large Lakes Observatory (LLO) of the University of Minnesota-Duluth. The third fraction and core samples then were digested using a one-step extraction (OSE) method to measure total concentrations of trace elements in the samples (Jeong et al., 1999) .
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Particle size, chemical, and mineralogical analyses
The grain size distribution of sediments was obtained using sieves and an X -ray particle analyzer. Four U.S Standard Sieves, 12-, 20-, 40-, 70-, and 100 mesh (1680-, 840-, 420-, 210-, and 149 µm respectively) were used with dry sediments to obtain coarse particle size distributions. The fine fraction (less than 149 µm) was analyzed with an X -ray particle analyzer (MICROTRACK II Model 7997-10, Leeds & Northrup). Each sample was analyzed twice, and the means were accurate within 5% of the particle size.
For mineralogical analysis, both air-dried and ethylene-glycol-treated clay-size particles were examined over a range of 2θ from 2 o to 65 o at a scanning rate of 1.00 Deg/min using a Cu Kα radiation. For individual particle analysis, the carbon-coated specimens were analyzed using an automated computer program (FeaturescanTM, Link Analytical) on a JOEL 35C SEM and a JOEL 8600 EMPA interfaced with an energy-dispersive spectrometer ( EDS) system. Approximately 300 particles per sample were examined using both SEM and EMPA. Chemical microanalyses of individual particles were performed for the following elements: Na, Mg, Al, Si, S, K, Ca, Ti, Fe, and Cu. Using the chemical composition data for individual particles obtained from SEM and EMPA, two multivariate statistical analyses (linear discriminant analysis and logistic regression) were performed for the three source materials in order to identify the unique characteristics of each source. Statistical analyses were applied to both the large particles (<149 µm) analyzed with SEM and small particles (<2 µm) analyzed with EMPA using morphological and chemical variables.
Major elements such as Fe, Mg, Ca, Mn, Na, Si, and K in extracts from OSE were analyzed using an Inductively Coupled Plasma Emission Spectrometer (ICP, Leeman Labs Inc.). Trace elements (V, Co, Ni, Zn, As, Sr, Ag, Cd, Rb, Ba, Pb, and U) were analyzed using an Inductively Coupled Plasma Mass Spectrometer (ICP-MS, Perkin-Elmer E lan-6000, in Duluth, MN). Concentrations of total copper were measured using an Atomic Absorption Spectrophotometer (Perkin-Elmer Co., Model AAS 3100) in flame mode (3100 Automatic Burner Control). A NIST standard reference material (SRM 2704: Buffalo River Sediment) was digested and analyzed; the range of recovery was between 76% (Pb) and 89% (Co) total metal. The reproducibility of triplicate measurements for major and trace elements was generally better than 30%. For total copper analysis, OSE was applied to the NIST standard reference material (SRM 2704: Buffalo River Sediment) and yielded a recovery within 10% of the certified concentration of copper. The accuracy of copper standards was checked against a NIST standard reference material (SRM 3172a Multielement Mix B -1); standards were within 6 % of the certified standard. The procedural blank generally had a value lower than the detection limit.
Results
Sediment Grain Size
The sediment source materials and lake surface sediments have a wide range of particle sizes ( Table 1) . Comparison of the fine fraction of the three source sediments indicates that Freda stamp sands are predominantly sand and silt, Ontonagon River sediments are mostly silt, and Wisconsin red clays in shoreline bluffs have silt and clay sized particles. The predominant particle size of stamp sands in the Keweenaw Peninsula region is coarse sand (Kennedy, 1970) . The surficial sediments in the Nemadji River basin have more clay-size particles than those in the Ontonagon River basin (Robertson, 1997) . Surface sediments in nearshore areas are relatively coarse compared to those in offshore areas. From the river mouth, and less then 200 mesh size particle (U.S. standard sieve).
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Mineralogical and chemical analyses
X-ray diffraction analyses of the source materials and Lake Superior sediments showed quartz, illite, chlorite, and smectite to be the dominant mineral components. Minor calcite is present in the Freda stamp sands and Wisconsin red clay, but not found in the Ontonagon River sediments. Lake Superior sediments generally do not contain calcite due to the undersaturation of carbonates in the lake water (Thompson, 1978) . Smectite (montmorillonite), feldspar (microcline and albite), mica (muscovite), kaolinite, epidote, titanite, and augite, were found as minor minerals in some of the sediments. Several oxidized copper minerals (tenorite, malachite, and chalcopyrite) were found in the Freda stamp sands along with native copper.
Analyses of ethylene-glycol-treated samples of the fine material in the source sediments showed that expandable mixed-layered clay minerals such as smectite/illite are well separated from the crystalline, or non-expandable, chlorite peak at low 2θ angles in the Wisconsin red clay and Ontonagon clay (Figure 2a and b) . Freda stamp sands are dominated by chlorite with minor illite and trace amounts of expandable clay, whereas Wisconsin red clays contain significant amounts of expandable clay, illite, and chlorite. The clay fraction of the Ontonagon River sediments mainly contained expandable clay minerals (smectite and illite) and were similar to the Wisconsin red clay but have lesser amounts of chlorite. The clay-size lake sediments also contained expandable clay minerals and crystalline chlorite. Source and lake sediments were characterized with respect to clay minerals using the ratios of the major peak intensities after background subtraction (Table 2 ). These ratios then were used in a classification scheme for the clay-size sediments retrieved from Lake Superior. Figure 1 ). 5. Sediment (2.5-3 cm) from maximum Cu concentration in the Multiple core. 6. Background sediment (9-9.5 cm) in the Multiple core. 7. 2θ values for smectite, chlorite, and illite are 5.40, 6.35, and 9.00 respectively.
Sediments from the shore of Lake superior contain similar concentrations of the major elements because, with the exception of the mine tailings (Table 3) , they have similar origins in the regionally distributed reddish brown or grayish postglacial surface sediments (Babcock and Spiroff, 1970; Laberge, 1994) . Among the source materials, the Wisconsin red clays are distinctly lower in Na. The Freda stamp sands are generally similar to the other sediment sources, so that the major elements are not useful in tracking sediment movement in the lake. In general, all lake sediments are distinctly higher in V and Ni, and slightly higher in Pb, then any of the source materials ( Table 4 ). This may reflect the highly refractory nature of the mineral phases containing the immobile trace elements, which tend to concentrate in the sediments during weathering. All sediments are similar in their Co, Zn, and As contents, including the Ontonagon and Wisconsin red clay sources, while the Freda stamp sands have distinctly higher concentrations of Co, Cu, As, and Ag.
Copper concentrations in the sediment source materials and lake sediments have a clear pattern ( Table 4 ) . High total copper concentration was found in the Freda stamp sands (5270 µg/g), and low concentrations were found in the Ontonagon River sediments (60 µg/g) and Wisconsin red clay (70 µg/g). In the surface sediments off Freda, copper concentrations in the nearshore sediments (430 ± 180 µg/g) were higher than in offshore sediments (220 ± 70 µg/g). Relatively lower copper concentrations (170 µg/g) were found on the ON transect, and relatively high concentrations (500 µg/g) were found in the Houghton transect sediments. The modern sediment trap samples obtained on the HN transect h ad a relatively high copper concentration (160 µg/g) compared to the sediment source materials from non-mining areas. The deep, pre-
mining sediments of the core (MCA-BG) collected near Copper Harbor had the lowest concentration of copper (30 µg/g) found in the lake, but the sediments at the surface of this core had a relatively high concentration (110 µg/g). The maximum copper concentration (180 µg/g) in the core was found at 2 -2.5 cm depth sediments, which are around 100 year old; this is thought to correspond to the maximum discharge of mine tailings in the Freda and Redridge areas during the copper mining activity from 1860 to 1960 (Babcock and Spiroff, 1970; Kerfoot et al., 1994) . Overall, elevated copper concentrations were found at the surface and at 2.5 cm depth in the core as well as in settling particles on the HN transect, whereas the two non-mining sediment sources had copper concentrations similar to sediments below 5 cm in the core. 
Individual Particle Analysis
Distributions of the elements in the large and small particles from the three sediment sources are shown in Figure 3a and Figure 3b . The box plots show that most element concentrations are similar to one another in the large-particle source materials except for two elements (P and S). On this basis, Ontonagon River particles could be distinguished from the others because of their high P concentration, low S concentration, and higher ratio of Mg/Al. Unlike the large particles, there are no significant differences in morphological or element concentrations in the small particles from the three sources. The finer particles are noticeably higher in Al, S, and slightly higher in Si, K, and Cu, then the coarser particles. This may reflect in part a higher concentration of layer silicate minerals in the finer fraction. The two multivariate statistical analyses (linear discriminant analysis and logistic regression) of the chemical composition data obtained from SEM and EMPA provided similar results f or particle classification in both small-and large-particle portions. For identification of small particles, more than half of those in each source group are misclassified in both statistical analyses. However, when applied to the large particle measurements, both statistical techniques classified the particles correctly 60 to 70% of the Freda stamp sands and the Wisconsin red clay, and more than 99% of the Ontonagon River sediments. The relative importance of variables was also determined by the F-to-remove (F) statistics in the discriminant analysis and the odds ratio in the logistic regression model. For the statistical analyses of the large particles, the order of group differences is S > P >> Cu >>> K > Al > Mg > Na in the discriminant analysis, whereas the orders of significance of individual parameters are Cu > Na > S > Mg> Ca > Al = Si > K for the Freda group against Wisconsin red clay group and Na > Mg> K > Ca > Si > Cu > S > Al for the Freda group against Ontonagon sediment group in the logistic regression model.
Discussion
Characterization of source particles
Many studies have attempted particle tracking using mineralogical fingerprints (Chamley, 1989; Cook, 1975; Dell, 1973; Gutierrez et al., 1996) . Amphiboles in taconite tailings have been used as an indicator of seasonal variations of water quality (Cook, 1974) . Calcite and dolomite have been used for identification of late-and post-glacial sediments, whereas compositions of mixed-layer clays and quartz in the sediments were used to identify different riverine sources (Dell, 1973) . Apatite, the most abundant and insoluble phosphate mineral, was used for assessing Vol.2, No.2 Characterization and Transport of Contaminated Sediments in the Lake Superior 123 the phosphorus loading in lake sediments from glacial debris or metamorphic terrains (Reid et al., 1980) . Mixing of riverine with marine sediments has been explained by different mineralogical composition of clay minerals (Chamley, 1989) . In a similar fashion, mineralogical fingerprints of mine tailings were employed as tools to explore the dynamics and transport of particle and sediments associated with local environments in this study. The geologic history of the southern coast of Lake Superior resulted in mineralogically similar sources of lacustrine sediments to the lake (Heinrich, 1976; Laberge, 1994) . The red clays from northern Wisconsin bluffs and the Ontonagon River sediments are glacial lacustrine sediment derived both from older clastic sediments within the Lake superior trough, and from the weathering of nearby basaltic volcanics. The mine tailings discharged in Freda, as a result of copper mining activities, are amygdaloidal basalts (Babcock and Spiroff, 1970) . X -ray diffraction analyses for the major mineral phases reveals similar minerals but different mineral proportions among the source materials and lake sediments. The copper minerals (tenorite, malachite, and chalcopyrite) identified by X -ray diffraction analysis could not be used for differentiation of tailings from non-mining sediments due to trace amounts compared to major minerals. However, the clay mineralogy of the fine particle fraction indicated that the mineral composition of each sediment source was unique and could be used to discriminate them from one another ( Figure 4 ) . The relative abundances of illite, smectite, and chlorite for the three different sources and the lake sediments can be used to characterize the sources and classify the lake sediments. The stamp sands are clearly distinguished from the others by relatively low smectite and high chlorite levels, whereas different proportions of illite and smectite distinguished the Ontonagon River sediments from the Wisconsin red clays. Bulk chemical compositions ( Table 3 ) of the three source materials differ only slightly for some major elements. However, ratios of refractory and mobile elements are a more powerful tool for characterizing the sources. Ontonagon River sediments are more clearly discriminated from the others with respect to ratios of refractory (Al and Si) and mobile elements (K, Mn, Ca, and Mg) due to higher aluminum and lower calcium and magnesium (Figure 5a ). On the other hand, high ratios of cations:Si and K:Na in Wisconsin red clay discriminated this material from other source materials. Major elements and their ratios can be used to develop strong fingerprints for the three source materials having different origins and undergoing different weathering processes.
Frequently, high concentrations of trace metals in sediments are a result of mining activity (Dassenakis et al., 1995) . In this study, large differences in the abundance of trace metals were found in the three source sediments ( Figure 5b) ; total concentrations of trace metals such as Cu, Ag, and As in Freda stamp sands were from 10 to 100 times higher than concentrations in the other source materials. This was consistent with previous research that had shown that mine tailings in the study area were clearly different from normal lake sediments with respect to high levels of trace metals (Jeong et al., 1999; Kemp et al., 1978b; Kerfoot et al., 1994 ). Figure 5a 1.E-02
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For individual particle analyses, the multivariate statistical analyses of major element concentrations in fine particles of the source materials failed to discriminate one source from another due to the similarity of the chemical composition of the source materials. However, analysis of large particles (<200 µm) by SEM-EDS coupled with multivariate statistical analysis succeeded in identifying Ontonagon River particles in almost 100% of cases ( Figure 6 ). This result was consistent with the bulk chemical analysis for major chemical elements that showed that the Ontonagon River sediments could be identified by a high ratio of (Al+Si):(Fe+Mn), while the other two source materials were similar (Figure 5a) . The results imply that EMPA-EDS was not an appropriate technique to obtain valuable chemical composition data to classify the fine fraction of particles. Nevertheless, this technique could be used as an auxiliary tool to verify the particle classifications obtained from bulk chemical analysis. Each single mineralogical or chemical analysis of the three-source sediment materials did not provide sufficient information for classification of the sediments. However, integration of all information from the mineralogical, major and trace elemental, and individual particle analyses for the sediments yielded a clear fingerprint for each source material ( Table 5 ). The next challenge was to use these fingerprints for tracking the movement of particles in the lake. High S and Al with low P, Na, and Mg
Movement of copper-rich sediments
Mineralogical and chemical fingerprints of three source materials were applied to examine transport of copper-rich sediments in the study area. The copper distribution map clearly shows that high concentrations of copper exist between Freda-Redridge and the North Entry (Figure 7a ). The high copper concentrations in the nearshore area of Freda-Redridge are a direct result of copper mine activity during the period 1895 ~ 1964 (Babcock and Spiroff, 1970; Kerfoot et al., 1994) . About 46 × 10 6 metric tons of stamp sands were dumped on the shore at Freda-Redridge during this period. The original deposits of stamp sands have been reworked by waves and wind-driven coastal currents and moved northeast toward the HN transect (Wright et al., 1975; Wright et al., 1973) . Comparison of the surface sediment copper distribution pattern observed in this study with the pattern observed 25 years ago (Kraft, 1979) showed a general similarity. However, concentrations of copper near the HN transect have increased, and the copper has shifted toward the offshore regions. The coarse copper-rich sediments follow bathymetric contours and reflect a general pathway of longshore sediment transport.
The wind-driven coastal Keweenaw Current, running northeastward along the shore, appears mainly to be responsible for the longshore transport of fine sediments (Budd et al., 1999; Hughes et al., 1970; Lien, 1973) . The concentration of coarse sediments (Figure 7c ) between Redridge and North Entry suggested winnowing of fine fractions and transport much farther along the shore and into deep basins. Depth profiles of particle size, copper concentration, and mineral ratio (Albite:Chlorite) in the core taken near Copper Harbor ( Figure 8 ) clearly showed the long-term lateral movement of the clay-or silt-sized particles of copper-rich sediments. Wave action was also a crucial factor contributing longshore transport of the coarse deposits. Relatively heavy, coarse, copper-rich sediments were eventually moved northeastward and deposited along the shore by waves. High concentrations of copper found along the shore indicated longshore transport of the coarse sediments (Figure 7a,c) . Bathymetry also could play an important role in the longshore and cross-margin transports of the resuspendable coarse sediments. Comparison of the copper distribution with the particle size distribution and the bathymetry ( Figure 7a ,b,c) suggests that coarse copper-rich sediments are transported along the shore until an abrupt change of bathymetry occurs near the HN transect. This observation suggests that the coarse sediments resuspended by storms are moved to the deeper basin in the North Entry area (Brassard and Morris, 1997; Hawley, 2000; Hawley et al., 1996; Rossmann and Seibel, 1977) . Finally, large drifting pack ice as a result of spring break-up of coastal ice also may contribute to the longshore transport of the copper-rich sediments (Budd et al., 1999) . Although northeastward long-shore transport is a dominant process, cross-margin transport also occurred in the study area as indicated by high copper concentrations in suspended sediment along the HN transect ( Figure 9 ). Cross-margin transport of the copper-rich coarse deposits near the HN transect was caused by the transition in bathymetry in conjunction with storms. The deposited copper-rich sediments in the coastal area are continuously re-suspended by the waves in the high-energy environments and subjected to sorting with depth. As a result, nearshore/offshore gradients in concentrations of copper in the surface sediments were found in the study area. A mixing of the locally derived copper-rich sediments with lake sediments resulted in concentrations of copper observed in the near-and offshore sediments ( Figure 9 ) which are lower than the typical values observed in the stamp sands from the Keweenaw Peninsula (Jeong et al., 1999) , but higher than Ontonagon sediments and Wisconsin red clay. The copper concentrations of both of the latter are close to the typical values of soils and sediments not contaminated by mining activity (Friedland et al., 1984; Ge et al., 2000; McLaren and Crawford, 1973; Tessier et al., 1979) . Despite the potential mobilization of copper in aquatic systems, gradients or concentrations of total copper in sediments will provide an excellent tool for investigation of the movements of the copper-rich particles and sediments in the study area (Kerfoot et al., 1994; Kerfoot and Nriagu, 1999; Mckee et al., 1989) . 
Conclusions
Metal-rich mine tailings are distinguished from the sediments from various non-mining sources using a variety of techniques. The clearest differentiation between the tailings and normal sediment sources, as well as differentiation among the sedimentary sources themselves, came from a combination of bulk sample trace element determination using ICP or AAS analyses, and X -ray diffraction analysis of the clay fraction. Copper, as expected, as well as Ag, Co, and As were the most useful trace elements and were distinctly higher in the tailings relative to all sediment sources. Simple X -ray intensity ratios from glycolated chlorite, illite, and expandable illite/smectite peaks could distinguish among the mine tailings (chlorite rich), sediment from the nearby Ontonagon River (low chlorite, high illite), and sediments from distant Northwest Wisconsin (low chlorite, high expandable phase). Major elements were not very useful in distinguishing among the various sources, although the Wisconsin sediments were unusually sodium-poor, and some differentiation could be made using mobile/immobile element ratios. Analysis of coarser particles via SEM-EDS produced generally similar results for all samples, except sediments from the Ontonagon River had distinctively higher P and lower S concentrations. Electron microprobe analysis of particles was not informative. However relative to the larger particles, the smaller particles tended to be higher in Al and S. Multivariate statistical analysis of the particle chemistry also supported the uniqueness of the Ontonagon River sediments.
Distribution of copper and signatures of minerals in nearshore sediments indicate that metal-rich mine tailings are introduced into the coastal area. They moved into deep basins and mixed with normal sediments in the lake via longshore and cross-margin transport. Longshore and cross-margin transport o f suspended particles and sediment in coastal areas are strongly related to local environmental factors. Finally, particle size analysis was very important in transport studies. Waves and bathymetry played major roles for longshore and cross-margin transport of the coarse and heavy particles in the FR transect and near the HN Entry area. Longshore transport of fine particles in conjunction with the Keweenaw current flowing northeastward was predominant in the study area. In addition, vertical profiles of particle size, copper, C:N ratios, and clay mineral ratios in the core sample taken near Copper Harbor gave strong evidence of the long-range transport of the fine fraction of mine tailings. Thus, there would be a high potential to contaminate the remote area of the lake by the metal-rich mine tailings.
